Epstein-Barr virus (EBV) is
pstein-Barr virus (EBV) is a ubiquitous human herpesvirus that infects more than 90% of the world's populations. EBV infection is associated with a variety of malignancies, including endemic Burkitt's lymphoma, Hodgkin's lymphoma, gastric carcinoma (GC), and nasopharyngeal carcinoma (NPC) (1) . These cancers are characterized by the proliferation of monoclonal EBVinfected cells, and viral gene expression in these cells is limited to a subset of latent genes. In EBV-positive epithelial cancers, both GC and NPC cells express EBV nuclear antigen 1 (EBNA1), a series of transcripts from the BamHI-A region of the EBV genome (BARTs), and EBV-encoded small RNAs (EBERs) (2) . The latent membrane protein 2A (LMP2A) is expressed in approximately 40% of GC cases (3) and in most cases of NPC (4, 5) . In approximately 35% of NPC cases, additional LMP1 expression can be detected (6) .
LMP2A functions to maintain viral latency in B lymphocytes by blocking B cell receptor (BCR) signaling, which would otherwise reactivate the virus to enter the lytic cycle (7) (8) (9) . Studies using LMP2A transgenic mice have revealed that LMP2A sends survival signals and allows B cells to bypass developmental checkpoints and escape the bone marrow to colonize peripheral lymphoid organs (10, 11) . A more recent study demonstrated that LMP2A provides a surrogate pre-BCR signal through activation of the extracellular signal-regulated kinase (ERK) pathway (12) . The immunoreceptor tyrosine-based activation motif (ITAM), located in the cytoplasmic amino (N) terminus of LMP2A, is essential for interaction with associated kinases; it is therefore considered to be critical for the above-mentioned functions of LMP2A (13, 14) . The LMP2A N terminus also contains 2 proline-rich motifs known as PY motifs that enable LMP2A to interact with neural precursor cell-expressed developmentally downregulated gene 4 (Nedd4) family members of ubiquitin ligases in B cells to manipulate its turnover (15) (16) (17) .
Despite the lack of BCR expression and BCR-associated kinases in epithelial cells, LMP2A has been reported to activate similar signaling in both epithelial cells and B lymphocytes. The phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway is activated by LMP2A, leading to the transformation of epithelial cells (18) and activation of ␤-catenin signaling in human foreskin keratinocyte (HFK) cells (19) . The ITAM and PY motifs of LMP2A are essential for the activation of ␤-catenin signaling via PI3K (20) . Another study demonstrated that LMP2A activates the ERK pathway and promotes cell mobility (21) . However, it remains unclear whether the levels of LMP2A expression are sufficient for these activities in epithelial cancer tissues in vivo because previous studies used LMP2A-transfected cells, which express much higher levels of LMP2A than those in cancer tissues.
In this study, we used an in vitro system of EBV infection of epithelial cells that has been previously described (22) . Because recombinant EBV (rEBV)-infected cell clones as well as EBV-positive GC or NPC cells expressed a limited number of EBV genes, this system is a useful model for analyzing the role of EBV in epithelial cancer development (23) (24) (25) . We demonstrate that EBV infection leads to resistance to anoikis, a cell detachment-induced apoptosis, by activating the ERK signaling pathway. Further analysis revealed that LMP2A expression in EBV-infected cells is crucial for the induction of anoikis resistance.
MATERIALS AND METHODS
Cell culture and reagents. Cells of the human fetal intestinal epithelial cell line Intestine 407 (kindly provided by Tsutomu Chiba, Kyoto University) (26) were cultured in Dulbecco's modified Eagle's medium (Sigma, St. Louis, MO) supplemented with 10% bovine serum (Invitrogen, Carlsbad, CA) and antibiotics. An Akata cell clone infected with rEBV (27) or LMP2A-knockout (KO) EBV (28) , which carries the neomycin resistance (Neo r ) gene, was cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS; Invitrogen), antibiotics, and G418 (700 g/ml; Sigma). The MEK inhibitor U0126 was purchased from Cell Signaling Technologies, Beverly, MA, and the proteasome inhibitor MG132 was obtained from Sigma.
Establishment of EBV-infected Intestine 407 cells. Intestine 407 cells were infected with rEBV and LMP2A-KO EBV by using a cell-to-cell infection procedure, as previously described (22) . Briefly, cells were cocultured with rEBV-infected Akata cells that had previously been treated with rabbit polyclonal anti-human IgG antibody (Dako, Copenhagen, Denmark) to induce virus production. The culture was then incubated for 3 days at 37°C in 5% CO 2 , with half of the medium replaced with fresh medium on day 2. After 3 days of cocultivation, the culture was washed 4 times with phosphate-buffered saline to remove residual Akata cells, and 2 ml of fresh medium was added. On day 5, the cells were reseeded into 24-well plates at 10 4 /ml per well in a culture medium containing G418 (500 g/ml) for selection of EBV-infected clones.
Cell lysis and immunoblot analysis. Cells were lysed with 1% Nonidet P-40 (NP-40) lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 10% glycerol, 1% NP-40, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium vanadate (Na 3 VO 4 ), 10 g/ml pepstatin, 10 g/ml aprotinin, 10 g/ml leupeptin, and a phosphatase inhibitor cocktail diluted at 1:100 (Sigma). After protein concentrations were determined by use of a Bradford protein assay kit (Bio-Rad, Hercules, CA), lysates were subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and were then electrotransferred to a nitrocellulose membrane. The membrane was blocked with 5% bovine serum albumin (Sigma) or nonfat milk in Tris-buffered saline containing 0.05% Tween 20 and subsequently treated with the primary antibodies for Flag and ␤-actin (Sigma), green fluorescent protein (GFP; BD Biosciences, San Jose, CA), LMP2A (kindly provided by Richard Longnecker, Northwestern University) (29) , Bim (Chemicon International Inc., Temecula, CA), and ERK and phospho-ERK (Cell Signaling Technology). The membrane was incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies, anti-rat IgG (for detection of LMP2A), anti-mouse IgG (for detection of Flag and ␤-actin), and anti-rabbit IgG (for detection of GFP, Bim, ERK, and phospho-ERK) (Amersham Biosciences, Buckinghamshire, United Kingdom). For detection of LMP2A, both primary and secondary antibodies were diluted in Can Get Signal solution (Toyobo, Osaka, Japan) before use. Protein bands were visualized using ECL-Plus Western blotting detection reagents (Amersham).
Immunoprecipitation. Cell lysates (1 mg) were precleared with protein G-Sepharose beads (Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom), and samples were incubated overnight with 1 g anti-Flag M2 antibody or anti-GFP antibody (diluted 1:200). The immune complexes were then precipitated by protein G-Sepharose at 4°C for 3 h and washed 3 times with 1% NP-40 lysis buffer. Finally, the immunoprecipitates were resolved by SDS-PAGE, and Western blot analysis was carried out as described above.
RNA extraction and reverse transcription-PCR (RT-PCR) analysis. Total RNA was isolated from cells using the TRIzol reagent (Invitrogen) according to the manufacturer's protocol. For cDNA synthesis, 100 pmol of a random hexamer (Invitrogen) was added to 1 g RNA, followed by heating at 94°C for 10 min. RNA was then reverse transcribed using 200 U of Moloney murine leukemia virus reverse transcriptase (Invitrogen) in a reaction buffer containing 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mm MgCl 2 , 10 mM dithiothreitol, 0.5 mM each deoxynucleoside triphosphate, and 10 U of RNasin (Promega, Madison, WI) at 37°C for 60 min. cDNA aliquots were then subjected to PCR analyses by using primer pairs and probes specific for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), LMP2A, EBER, and BamHI-A rightward frame 0 (BARF0), as previously described (2) . Primers used for Bim detection were as follows: forward, 5=-ATGGCAAAGCAACCTTCTGA-3=, and reverse, 5=-TCAAT GCATTCTCCACACC-3=. cDNA amplification was performed as follows: denaturing at 94°C for 2 min, primer annealing at 58°C for 1 min, and an extension at 72°C for 1 min for 30 cycles.
Anoikis assays. Anoikis assays were performed using established procedures (30) . For determining cell viability or caspase 3/7 assays, cells were detached and maintained in suspension in low-cell-binding plates (Nunc). After 48 h, cells were harvested and the percentage of dead cells was assessed by trypan blue staining and by the Cell Titer-Glo luminescent cell viability assay system (Promega) according to the manufacturer's protocol. Caspase 3/7 activity in cell lysates was assayed by Caspase-Glo assays (Promega).
Plasmids, transfection, and cell cloning. The LMP2A gene derived from Akata cell EBV was subcloned into the pTAT vector and pCMVTag2A expression vector (Stratagene, La Jolla, CA) carrying the Flag tag or the pEGFP-N1 expression vector (BD biosciences) carrying the enhanced GFP (EGFP) gene. LMP2A deletion mutants were generated by PCR and subcloned into expression vectors. LMP2A point mutations were generated by a QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's protocol. All plasmids were transfected into Intestine 407 cells by using the Lipofectamine plus reagent (Invitrogen). For isolation of stable transfectants, transfected cells were selected with complete culture medium containing 500 g/ml G418.
RESULTS

EBV infection confers anoikis resistance in epithelial cells.
We established an EBV-converted human epithelial cell line, Intestine 407, by using the cell-to-cell infection method to analyze the effect of EBV infection on epithelial cells. rEBV isolates carried the Neo r gene, and EBV-positive cell clones were selected by growth in culture medium containing G418 (22) . After G418 selection, 10 representative cell clones were analyzed to determine whether cells were infected with EBV. All of the cell clones were 100% positive for EBNA, as determined by the immunofluorescence assay (data not shown). Western blot analysis demonstrated that EBV-positive Intestine 407 cells expressed EBNA1, but not EBNA2, EBNA3s, or LMP1 (Fig. 1A) . RT-PCR analysis revealed that EBVpositive clones expressed LMP2A, although the mRNA level was much lower than that in a B lymphoblastoid cell line immortalized with rEBV (LCL) as a positive control (Fig. 1B) . Consistent with the result of protein analysis, LMP1 mRNA expression was not observed (data not shown). Because EBER and BARF0 expression was also observed in EBV-positive clones, the viral gene expression patterns were identical to those of EBV-associated GC, i.e., type I latency (Fig. 1B) . Subsequently, we cultured both EBVpositive and EBV-negative Intestine 407 cells by using low-binding culture plates, wherein cells cannot attach to the plate and are maintained in suspension. After 48 h of suspension culture, cell death was induced in EBV-negative Neo r -transfected (Neo r ) cells (Fig. 1C) ; this was caused by the induction of apoptosis (anoikis) as a result of the increased activities of caspase-3/7 in these cells (Fig. 1D) . In contrast, EBV-positive cells showed much less induction of cell death and a little increase in caspase3/7 activities (Fig.  1D) . These results suggest that EBV confers resistance to anoikis in Intestine 407 cells.
EBV prevents anoikis through activation of the MEK-ERK pathway. Previous studies have reported that activation of the MEK-ERK pathway plays a crucial role in the induction of resistance to anoikis (31, 32) . We examined the strong activation of this pathway in EBV-positive cells and compared it to the activation in EBV-negative (Neo r ) cells ( Fig. 2A) . Treatment with the MEK inhibitor U0126 resulted in reduced ERK activity in EBVpositive cells, indicating that EBV induces activation of the MEK-ERK signaling pathway (Fig. 2B) . To investigate the effect of U0126 treatment on the induction of anoikis, we cultured EBVpositive and Neo r cells in suspension by using the U0126-containing medium. Although U0126 treatment led to a little induction of anoikis in Neo r cells, U0126 resulted in considerable induction of anoikis in EBV-positive cells (Fig. 2C) , indicating that EBV induces anoikis resistance through activation of the MEK-ERK pathway.
LMP2A induces anoikis resistance through ERK activation. Among the viral genes that are expressed in EBV-positive Intestine 407 cells, LMP2A is known to activate ERK in epithelial cells (21) . To clarify whether LMP2A is responsible for activation of the ERK, we introduced LMP2A-expressing plasmids to Intestine 407 cells. Both transient and stable LMP2A expression resulted in ERK activation in Intestine 407 cells (Fig. 3A to C ). An anoikis assay revealed that LMP2A-expressing cells were more resistant to anoikis than were Neo r cells, as the resistance was clearly reduced by U0126 treatment (Fig. 3D) . These findings indicate that LMP2A contributes to anoikis resistance through ERK activation.
LMP2A-KO EBV does not induce anoikis resistance. Although our results demonstrate that LMP2A induces anoikis resistance, the level of LMP2A expression in EBV-positive Intestine 407 cells was much lower than that in LMP2A-transfected cells. To exclude the possibility that anoikis resistance was caused by LMP2A overexpression, we established LMP2A-KO EBV-converted Intestine 407 cells. Cells were infected with recombinant LMP2A-KO EBV (28) carrying the Neo r gene by using the cell-tocell infection method, and EBV-positive cell clones were isolated by G418 selection. Because all representative cell clones showed the same patterns of EBV gene expression as wild-type (WT) EBVpositive cells (data not shown), with the exception of LMP2A expression (Fig. 3E) , we believe that LMP2A-KO EBV-positive Intestine 407 cells should be further studied. As shown in Fig. 3F , LMP2A-KO EBV-positive cells were more susceptible to anoikis than WT EBV-positive cells. In addition, ERK activity in LMP2A-KO EBV-positive Intestine 407 cells was significantly lower than that in WT EBV-positive cells (Fig. 3G) . Thus, we concluded that the LMP2A expressed in EBV-positive Intestine 407 cells is responsible for ERK-mediated induction of anoikis resistance.
LMP2A downregulates Bim expression through ERK activation. It was reported that detachment of epithelial cells induces anoikis through upregulation of the Bcl-2 homology 3 (BH-3) domain-only protein Bim, which is known to be a proapoptotic gene (33) . In addition, a previous study demonstrated that Bim is downregulated by ERK activation (34) . This led us to hypothesize that LMP2A-mediated ERK activation regulates Bim to prevent anoikis. To clarify whether LMP2A downregulates Bim, we analyzed Bim expression during the induction of anoikis. Western blot analysis demonstrated that Bim expression was clearly induced by cell detachment in LMP2A-KO EBV-positive cells, whereas Bim induction was significantly inhibited in WT EBVpositive cells (Fig. 4A) . We also treated both cell lines with U0126 to assess whether downregulation of Bim depends on ERK activity. Bim was induced in WT EBV-positive cells by U0126 treatment, whereas U0126 had little effect on Bim induction in LMP2A-KO EBV-positive cells, indicating that LMP2A downregulates Bim expression through ERK activation (Fig. 4B) . To confirm this conclusion, we repeated this experiment using LMP2A-tansfected cells and Neo r cells. As shown in Fig. 4C , although Bim expression was clearly induced by cell detachment in Neo r cells, it was strongly inhibited in LMP2A-transfected cells. Finally, U0126 treatment resulted in a significant induction of Bim in LMP2A-transfected cells (Fig. 4D) , thus confirming our conclusion.
Bim is downregulated by LMP2A through proteasomal degradation. To assess the mechanism by which LMP2A blocks Bim induction, we analyzed Bim mRNA expression during cell detachment. RT-PCR analysis demonstrated comparable basal Bim mRNA expression in both WT EBV-positive and LMP2A-KO EBV-positive cells. In addition, no significant Bim mRNA upregulation was observed in either cell line during cell detachment (Fig.  5A) . RT-PCR using RNA from LMP2A-transfected and Neo r cells cultured in suspension showed similar results (data not shown). Thus, we concluded that Bim is downregulated by LMP2A at the posttranscriptional level. To determine whether Bim is downregulated by LMP2A in the proteasome, we used the proteasome inhibitor MG132. Western blot analysis demonstrated that MG132 treatment resulted in WT EBV-positive cells showing Bim expression comparable to that of LMP2A-KO EBV-positive cells (Fig. 5B) . Moreover, the effect of MG132 treatment on anoikis induction in WT EBV-positive cells was significant compared with that in LMP2A-KO EBV-positive cells (Fig. 5C ). These findings suggest that LMP2A induces anoikis resistance through the proteasomal degradation of Bim.
ITAM of LMP2A is required for ERK activation and prevention of anoikis. It has been reported that LMP2A activates the Bim mRNA expression during cell detachment. LMP2A
Ϫ EBV-and WT EBVpositive cells were cultured in suspension, and total RNA was extracted at the indicated times. Extracted RNA was analyzed for Bim expression by RT-PCR. GAPDH mRNA was analyzed as an internal control. (B) Effect of MG132 on Bim expression. Cells were treated or untreated with MG132, cultured in suspension for 40 h, and then lysed. Bim protein expression was analyzed by Western blotting. (C) Effect of MG132 on anoikis resistance. Cells were treated or untreated with MG132 and cultured in suspension for 48 h, and then cell death was analyzed. The representative results of 3 separate experiments using 2 independent clones are represented as the mean percent Ϯ SD. Statistically significant differences were evaluated by Student's t test (**, P Ͻ 0.01). intracellular signaling pathway in epithelial cells through the interaction between LMP2A N-terminal tyrosine residues and cellular proteins. To assess which tyrosine contributes to LMP2A-mediated ERK activation, we generated plasmids that express GFP-fused LMP2A mutants. The various LMP2A mutants are illustrated in Fig. 6A . Tyrosines 74 and 85 constitute the LMP2A ITAM, and tyrosine 101 is considered to interact with Csk. Tyrosine 112, within the YEEA motif, resembles the Src family kinase SH2 domain interaction motif. Tyrosines 74, 85, 101, and 112 were deleted in the ⌬65/119-LMP2A mutant, whereas tyrosines 21, 31, and 64 were deleted in the ⌬65-LMP2A mutant. These plasmids were transfected into Intestine 407 cells, and stable clones were isolated by G418 selection. As shown in Fig. 6B , ERK activity was significantly reduced in cells that expressed ⌬65/119-LMP2A, whereas ⌬65-LMP2A-expressing cells showed ERK activity comparable to that of WT LMP2A-expressing cells, suggesting that the LMP2A N-terminal regions containing tyrosines 74, 85, 101, and 112 are required for ERK activation. For further analysis, mutants with point mutations of double tyrosines, 74F/85F or 101F/112F (Fig. 6A) , were generated. 74F/85F-LMP2A expression resulted in remarkably reduced ERK activity, whereas 101F/ 112F-LMP2A expression was not affected, indicating that ITAM is required for ERK activation (Fig. 6C) . Finally, we assessed whether ITAM is required for LMP2A-mediated prevention of anoikis. The ⌬65-LMP2A-and 101F/112F-LMP2A-expressing cells showed anoikis resistance similar to that of WT LMP2A-expressing cells, whereas anoikis was clearly induced in ⌬65/119-LMP2A-and 74F/85F-LMP2A-expressing cells (Fig. 6D) . Therefore, we concluded that ITAM is required for anoikis resistance.
DISCUSSION
Anoikis is a common event in untransformed adherent cells such as epithelial (35, 36) , endothelial (37) and fibroblastoid (38) cell lines. The dependence on matrix interaction for cell survival is important in preventing inappropriate population expansion and metastatic spread of normal epithelial cells; therefore, resistance to anoikis is indicative of a phenotype of malignant cells. Here, we demonstrated that EBV induces anoikis resistance in Intestine 407 cells through ERK activation by LMP2A. A previous study demonstrated that expression of LMP2A and LMP2B resulted in promotion of epithelial cell spreading and motility (39) . Although the level of LMP2A expression in EBV-positive Intestine 407 cells was much lower than that of LCLs or LMP2A-transfected cells, the studies using LMP2A-KO EBV-positive cells have indicated that the LMP2A level in EBV-positive cells is sufficient for the prevention of anoikis. In this regard, our study strongly suggests that LMP2A physiologically expressed in EBV-associated GC and NPC tissues contributes to a malignant phenotype in vivo, in contrast to findings from previous studies using LMP2A-overexpressing epithelial cells.
Several signal transduction pathways have been shown to modulate the anoikis sensitivity of various cells. Survival of fibroblastoid and epithelial cells in suspension is in part mediated by the MEK-ERK pathway (38, 40) . The ERK-mediated anoikis resistance caused by LMP2A in epithelial cells is consistent with these reports. A previous study demonstrated that signaling from ␤1-integrin and epidermal growth factor receptor (EGFR) coordinately regulates Bim expression for the prevention of anoikis in epithelial cells via ERK activation (34) . A lack of these signals causes cell detachment, which results in inhibition of the ERKdependent pathway, leading to Bim upregulation. However, it is possible to maintain ERK activity in cells with LMP2A expression to prevent Bim induction by cell detachment even after detachment from the extracellular matrix. It has been shown in transgenic mice that LMP2A can provide a potent survival signal to B cells, which is analogous to the action of functional BCR (10). Our results suggest that LMP2A provides a functional signal to detached epithelial cells on behalf of the integrin and EGFR.
The mechanisms of Bim downregulation have been previously reported. BimEL is phosphorylated by various kinases, including the MAP kinases Jun N-terminal protein kinase (JNK) and ERK (41) (42) (43) (44) (45) (46) . Phosphorylation by ERK leads to proteasome-dependent degradation of BimEL (41, 42, 47) . Our data are consistent with these observations and indicate that the control of Bim expression through the proteasome pathway is due to LMP2A-mediated ERK activation. Interestingly, it was reported that EBV infection of B lymphocytes leads to BimEL downregulation and prevents apoptosis (48) . EBV may downregulate Bim in both epithelial cells and B lymphocytes.
Previous studies have established that ITAM plays a crucial role in LMP2A function. ITAM is required for association with Syk, which provides B cells with survival signals, including PI3K and ERK activation (14, 49) . A recent study demonstrated that Shb, which is recruited to ITAM, is involved in the regulation of PI3K activity by LMP2A (50) . The present study demonstrated that ITAM is also required for ERK-dependent anoikis resistance mediated by LMP2A in epithelial cells. Further studies are required to elucidate the mechanisms of ITAM-mediated ERK activation.
